A series of four novel deep blue to sky blue thermally activated delayed fluorescence (TADF) emitters (2CzdOXDMe, 2CzdOXD4MeOPh, 2CzdOXDPh and 2CzdOXD4CF3Ph) have been synthesized and characterized. These oxadiazole-based emitters demonstrated bluer emission compared with reference emitter 2CzPN thanks to the weaker acceptor strength of oxadiazole moieties. The oxadiazole compounds doped in hosts (mCP and PPT) emitted from 435-474 nm with photoluminescence quantum yields ranging from 14%-55%. The emitters possess singlet-triplet excited state energy gaps (ΔEST) between 0.25 and 0.46 eV resulting in delayed components ranging from 4.8 to 25.8 ms. The OLED device with 2CzdOXD4CF3Ph
Introduction
In organic light-emitting diodes (OLEDs), light is produced through radiative decay of electrically generated excitons. As a function of spin statistics, 75% of the excitons are triplets and 25% of the excitons are singlets. In order to obtain efficient electroluminescent (EL) devices, 100% of the excitons need to be harvested within the emissive layer of the device. [1] [2] The current state-of-the-art emitters for OLEDs rely on neutral iridium(III) and platinum(II) complexes as, (1) the emission color of these materials can be easily tuned as a function of ligand design, (2) these complexes possess microsecond emission lifetimes and, most importantly, (3) the heavy metal mediates an efficient intersystem crossing (ISC) to harness both singlets and triplets in OLED devices. [3] [4] [5] [6] [7] Despite internal quantum efficiencies (IQE) 5 approaching 100%, these organometallic emissive materials are costly and toxic and, importantly, there exists no stable and bright deep blue emitter, a key component for both displays and lighting applications. [8] [9] As a response to the drawbacks of phosphorescent organometallic emitters, thermally activated delayed fluorescent (TADF) [10] [11] [12] [13] [14] materials have recently come to the fore, as they too are capable of recruiting 100% of the excitons because the energy gap between the lowest singlet (S1) and triplet (T1) levels, (ΔEST), is small enough to permit reverse intersystem crossing (RISC) between the two states at ambient temperature. 15 Compounds possessing small ΔEST possess structures wherein the highest occupied molecular orbital (HOMO) is spatially separated from the lowest unoccupied molecular orbital (LUMO) in order to minimize the exchange integral between the two. [15] [16] [17] Importantly, most TADF emitters are based on either cheap complexes mostly derived from copper [18] [19] [20] [21] [22] [23] [24] or are purely organic in nature. 15, [25] [26] [27] [28] [29] One of the grand challenges remaining in emitter design for OLEDs is the development of stable and bright deep-blue emitters (CIE x,y coordinates each < 0.2), 8, 14, [30] [31] [32] [33] acceptor. 16 OLEDs using these emitters showed EQEmax of 10% and CIE at (0.15, 0.07). Since this report, other analogues based on DPS acceptors have been reported, many reaching EQEmax values in excess of 10%. [34] [35] [36] [37] [38] Employing a related TADF emitter based on a dibenzo-fused phosphacycle acceptor produced a somewhat poorer performance in the device, with EQEmax of 4.9% and CIE at (0.15, 0.16). 39 Hatakeyama et al. 40 designed an interesting class of deepblue TADF emitters based on a "multiple resonance effect", which produced narrow-band emission spectra with CIE at (0.13, 0.09) and an EQEmax of 13.5%. A second generation emitter by the same group showed improved performance with EQEmax of 18.3% and CIE at (0.13, 0.11). 41 Cui et al. 42 synthesized a series of deep-blue TADF emitters based on a carbazole donor and a diphenyltriazine acceptor and achieved an EQEmax of 19.2% with CIE at (0.15, 0.10).
Wada et al. 43 adapted an earlier emitter design of Hirata et al. 29 by the incorporation of adamantyl groups on the triazine acceptor to afford deep-blue TADF emitter for solutionprocessed OLEDs, showing EQEmax of 11.2% and CIE at (0.15, 0.13) while Woo et al. 44 have modified the donor groups to both increase emission energy, as well as achieving preferential horizontal transition dipole orientation of the emitters in the film in order to enhance light outcoupling; achieving devices with EQEmax of 7.7% and CIE at (0.15, 0.08). Komatsu et al. 45 developed related pyrimidine-based emitters with EQEmax of 18% and CIE at (0.16,0.15). Seo et al. 46 49 where OLEDs achieved EQEmax of 10.3% and CIE at (0.16, 0.06).
The device performances of the aforementioned work together with this study are summarized in Table 1 . In this study, a series of four deep blue to sky blue TADF emitters have been synthesized and characterized whose structures are shown in Chart 1. These molecules possess the same scaffold as the dicarbazoyldicyanobenzene (2CzPN) reported by Uoyama et al. 15 but with the replacement of the cyano groups by the less electron-withdrawing oxadiazole units.
The rationale for our design is three-fold. Firstly, the weaker acceptor strength of oxadiazoles 50-51 compared with cyano groups will translate into a bluer emission, presuming that the intramolecular charge transfer (ICT) nature of emission is conserved. Secondly, oxadiazoles
show promising thermal stability and electron injection and transporting properties. 50, [52] [53] [54] [55] [56] [57] Lastly, according to theoretical calculations, the LUMO density of 2CzPN is mostly located on the central benzene ring 15 whereas that of oxadiazole is located on the heterocyclic ring (vide infra). 50, 54 Despite the many synthetic routes available for the installation of the oxadiazole moiety, 58-60 a two-step protocol passing through a ditetrazole intermediate (2CzdTl) 59 was found to be most straightforward given the presence of the cyano groups. As a result, 2CzPN was reacted with ammonium chloride and NaN3 in DMF at 120 ºC overnight to afford 2CzdTl in 88% yield.
The key for the success of this reaction is the isolation of 2CzdTl, which can be precipitated chloride of choice to provide the desired oxadiazole emitters in good yield (38-75%) . All four oxadiazole emitters were found to be thermally stable beyond 300 o C by TGA; 2CzdOXDMe and 2CzdOXDPh melt at 308 and 310 o C, respectively while 2CzdOXD4CF3Ph and 2CzdOXD4MeOPh melt at 274 and 260 o C, respectively (For TGA, DTA and DSC traces see: has the most stabilized LUMO (-2.86 eV) due to the strong electron-withdrawing effect of the trifluoromethyl group while 2CzdOXD4MeOPh has the shallowest LUMO (-2.74 eV) due to the strong mesomerically electron-donating effect of methoxy group. For each emitter, the oxidation is irreversible, which is not unexpected as carbazole radical cations are known to be electrochemically unstable and undergo dimerization. [63] [64] Conversely, only 2CzdOXD4CF3Ph shows an irreversible reduction, probably due to cleavage of the C-F bonds. [65] [66] The result of the use of the oxadiazole acceptors is an increase in the electrochemical gap from 2.91 eV for 2CzPN to between 2.98-3.14 eV for the four TADF emitters. 67 Values quoted are in degassed solutions. Values in parentheses are for aerated solutions. c. Thin films were prepared by spin-coating doped samples in PMMA (10 wt%). d. Values determined using an integrating sphere under an N2 atmosphere as described above in the main text. Values in parentheses are for samples measured in air. e. Prompt lifetimes determined from the monoexponential fit of the initial decay by TCSPC; delayed lifetimes determined from the bi-exponential decay by MCS, weighting corresponding to the pre-exponential factors are indicated in parentheses.
Absorption and Electrochemistry

Photophysical Properties
The solution-state photophysical properties of the four oxadiazole emitters were studied in toluene (Figure 2a) , DCM and MeCN. The photophysical data for PhMe are reported in Table   3 . All four emitters show positive solvatochromism and broad and unstructured emission profiles, 59, [68] [69] which are characteristic of emission from an ICT state. The broadness of emission also increases with increasing polarity of the solvent. Regardless of solvent, the wavelength at emission maximum increases in the order: 2CzdOXDMe < 2CzdOXD4MeOPh < 2CzdOXDPh < 2CzdOXD4CF3Ph ( Figure S41 ), which is consistent with the correspondingly decreasing bandgaps obtained from electrochemistry.
We envisioned that the weaker acceptor strength of the oxadiazole compared to the cyano group would cause a desired blue-shift in the emission in our emitters with respect to 2CzPN.
Indeed, the LUMO levels of the four oxadiazole compounds range from -2.70 eV to -2.86 eV while the LUMO of 2CzPN was determined to be -2.97 eV ( with the instrument response function (Figure 2b, grey line) . Thus, the delayed fluorescence in all of the studied compounds in toluene is smaller than we can reliably detect.
To assess the viability of these oxadiazole emitters in OLED devices, their photophysical properties were investigated in the solid state. Thin films were prepared by spin-coating 10 wt % DCM solution of emitter in PMMA (Figure 2c) . All emission maxima are blue-shifted by ~15 nm and the profiles generally slightly sharper compared with those measured in toluene solution. The thin film FPL (40-75%) are significantly higher than in solution as a result of the more rigid environment that constrains the torsional motion thereby reducing the non-radiative decay rate. 73 In particular, 2CzdOXDPh (lPL = 453 nm) and 2CzdOXD4CF3Ph (lPL = 474 nm) exhibit remarkable FPL values of 62% and 75% in the deep-blue region under nitrogen, making them very promising blue TADF materials for OLEDs. Similar to their behavior in solution, the FPL of the thin films are higher under a nitrogen atmosphere than when exposed to air, confirming the presence of TADF in solid state. Similar to the solution-state emission spectra, the thin film emission spectra of the four oxadiazole emitters were blue-shifted compared to that of 2CzPN. Figure 2d shows the corresponding PL decay curves. For each of the emitters, there is a fast prompt decay (τp ≈ 10 ns) and several very long delayed emission components. The dominant delayed components, τd, were estimated to be τd1 = 3.0 ms (75%, amplitude in multi-exponential fit to data) and τd2 = 40 ms (19%) for compounds 2CzdOXDMe, 74 and PPT 75 , respectively). Figure 3 and Table 4 summarize the photophysical properties of the emitters embedded in vacuum-deposited mCP or PPT matrices.
Due to the high singlet energies of these matrices, Förster energy back-transfer cannot occur and the emission of the doped films originates solely from the dopant (Figure S42) . The FPL values of the emitters embedded in mCP or PPT remain relatively high, ranging from 14 to 55%. They are, however, lower compared to the FPL recorded in PMMA films. The singlettriplet gap, ∆EST, of each of the emitters was estimated from the difference in the onset of the fluorescence and phosphorescence spectra recorded at 77K (Figure 3a) . Overall, the compounds exhibit experimentally determined ∆EST that are comparable to 2CzPN, 76 and range from 0.30 to 0.46 eV (Figure 3b) , which are in line with the theoretical calculations (vide infra). All of the compounds showed prompt and delayed emission in the vacuum-deposited films (Figure 3c) . The spectroscopic evidence signifies that the four oxadiazole compounds are indeed TADF emitters. 
Theoretical Calculations
Further characterization of the optoelectronic properties of these compounds has been carried on with the help of DFT calculations. To do so, we used the methodology developed by Moral et al. offering a particularly accurate description of the electronic structure of materials for OLED applications. 77 Not surprisingly, the HOMO energies of the different compounds remain almost constant as in each case the HOMO is localized on the carbazole moiety (Figure 4) . These are ca. 0.1 eV more stabilized than the HOMO for 2CzPN, indicating that the nature of the acceptor moiety modestly modulates the HOMO. The LUMO energies on the other hand decrease significantly, showing that the synthetic approach allows for nearindependent tuning of the frontier orbital energies upon replacing cyano groups in 2CzPN with oxadiazole acceptors. Not surprisingly, the replacement of cyano groups with oxadiazoles results in a more delocalized LUMO for the four oxadiazole derivatives while the HOMO remains mainly localized on the carbazole groups and the central phenyl ring (Figure 4) .
Expectedly, because of the lower electron-withdrawing character of methyl-substituted oxadiazole, 2CzdOXDMe possesses the highest energy LUMO in the series, more than 0.4 eV destabilized compared to 2CzPN, resulting in a significantly bluer emission (see S1 energy in Table 5 ). Replacing the methyl group with phenyl as is the case in 2CzdOXDPh results in a more modest 0.24 eV destabilization of the LUMO compared to 2CzPN. Interestingly, by grafting CF3-substituted phenyl groups to the oxadiazole units, the LUMO energy of 2CzdOXD4CF3Ph is stabilized with respect to 2CzdOXDPh and in fact is close to that of 2CzPN; conversely the LUMO energy of 2CzdOXD4MeOPh is destabilized relative to 2CzdOXDPh. The calculations are able to predict the emission colors of both 2CzPN and the four oxadiazole derivatives. Specifically, the S1 energies of 2CzdOXDMe appears as the bluest while 2CzdOXD4CF3Ph is slightly red-shifted compared to 2CzPN. All molecules exhibit similar electronic structure with T2 lying in between T1 and S1.
We note that an additional T3 excited state lies below S1 in 2CzdOXD4MeOPh.
Considering the electronic structure, the up-conversion to S1 could potentially arise either directly from T1 or from an intermediate triplet excited state after reverse internal conversion.
The T1 and S1 excited states are mainly characterized by HOMO to LUMO transitions with a pronounced intramolecular charge-transfer (ICT) character. Interestingly, the singlet-triplet splitting, DEST, moderately decreases when going from 2CzdOXDMe to 2CzdOXD4CF3Ph, in line with a slight decrease of the oscillator strength. We further characterize the degree of spatial separation between occupied (fi) and virtual (fa) molecular orbitals, Dr, relative to a particular excited state by evaluating the averaged hole-electron distance based on the computation of the detachment and attachment centroids radius vectors and the calculation of the distance between them using the NANCY_EX package. [78] [79] [80] We mention that this approach appears to be perfectly equivalent 78 to the one we used previously and which is based on the corresponding centroid of the Natural Transition Orbitals involved in the studied excited-state transition. 77
A cutoff Dr > 1.5−2.0 Å has been proposed previously to both distinguish, and characterize, a charge-transfer excitation, 81 and it was shown that the magnitude of the DEST is inversely proportional to Dr. 77 Recently, it has been demonstrated that in order to obtain TADF emitters with very small DEST, both Dr relative to the excitation from S0 to T1 [Dr(T1)] and S1 [Dr(S1)]
should be large, and in particular the triplet component was found to play a dominant role in determining DEST of the different compounds studied. 82 When examining Dr in Table 5 , all Dr reported confirm the expected ICT character that could be inferred from the orbital localization (Figure 4) . Among all the compounds, 2CzPN and 2CzdOXD4CF3Ph show the largest Dr(T1) and exhibit the smallest DEST while 2CzdOXD4MeOPh shows the largest DEST and smallest Dr(T1), in agreement with what was proposed by Huang and co-workers . 82 
Crystal structures
Suitable crystals for X-ray analysis were obtained for all of 2CzdOXDMe, 2CzdOXDPh, 2CzdOXD4CF3Ph and 2CzdOXD4MeOPh, as well as for the reference compound 2CzPN 
Organic Light-Emitting Diodes
The four oxadiazole emitters were then integrated into OLED devices. (-2.7 eV) matches the LUMO of PPT, 76 and thus efficient electron trapping by the dopant would not be achieved in a PPT matrix. On the other hand, mCP is predominantly hole conductive 74, 84 and hole injection and conduction is more efficient compared to electron transport in the mCP device. Therefore, better charge balance within the EML was expected when using PPT as a host and thus PPT was used as a matrix material for emitters 2CzdOXDPh and Table 2 ) among all oxadiazole emitters. In general, the electroluminescence spectra of the oxadiazole emitters agree very well with photoluminescence spectra obtained from their thin films doped in mCP or PPT hosts ( Table 4 ) and the trend of their emission energies can be correlated to their corresponding LUMO levels ( Table 2) (Figure 7c) . However, the EQE of 3 drops by almost a factor of five to 2.5% at 100 cd m -2 . Similar trends of relatively high EQE at low brightness (4.7%, 6.8%, 6.6% and 4.2% for Devices 1, 2, 4, and 5, respectively) and a strong efficiency roll-off are also observed for the other devices. Such efficiency roll-off might be caused by the bimolecular annihilation reactions due to the presence of the long-lived triplet states (tPL ranging from 1.0 to 25.8 ms), as evidenced from the photophysical studies of the thin films of oxadiazole emitters doped in mCP or PPT hosts ( Table 4 ). The most severe efficiency roll-off was observed for Devices 2 and 3, comprising emitters 2CzdOXDPh and 2CzdOXD4CF3Ph, respectively, with the corresponding critical current densities jcrit in the range of 0.05 mA cm -2 . Here, jcrit denotes the current density at which the EQE drops to half of its maximum value. In comparison, the lowest roll-off was observed for the device with 2CzdOXDMe as the emitter, device 1 (jcrit = 13 mA cm -2 ). The average delayed lifetime (τavg) of emitters 2CzdOXDPh and 2CzdOXD4CF3Ph and 2CzdOXDMe is indicative of the triplet state lifetime in these compounds and is estimated to be 6.3 ms, 10.2 ms and 1.5 ms, respectively ( Table 4 ). The shorter τavg leads to the less pronounced efficiency roll-off, in line with the bimolecular annihilation pathway being the limiting factor for efficient OLED operation at high current density and brightness. Thus, further work on optimising exciton dynamics in the EML and minimizing bimolecular annihilation reactions is needed. Additionally, it is important to note that the reference device R1 used in this work does not represent the optimal device structure for the sky-blue emitter 2CzPN. Indeed, the selection of the functional layer sequence is crucial to minimize the electrical losses in blue TADF OLEDs. For example, Zhang et al. 85 showed that replacing TPBi with diphenylphosphine oxide-based ETLs that exhibit high electron mobility and high ET can enhance the 2CzPN-based OLED performance up to EQEmax = 17.4%. Replacement of mCP as the EBL with a higher hole mobility and thermal stability material 3,5-di(9H-carbazol-9-yl)-N,N-diphenylaniline (DCDPA) 86 has been shown to increase the efficiency further to EQEmax = 19.2%. 87 Finally, Sun et al. 88 fabricated OLEDs comprising a mixed host layer for the TADF dopant to boost the performance further to 21.8%, which was also shown to be the efficiency limit for 2CzPN-based devices. Similar improvements are thus expected to enhance device performance when oxadiazole emitters are used. Nevertheless, this work demonstrates that a systematic shift toward deep-blue electroluminescence is possible by replacing the CN accepting groups in 2CzPN by oxadiazole unit containing moieties. Figure   7d shows the corresponding color coordinates of Devices Defined as the lowest operating voltage at the luminance of >1 cd m -2 ; b. Max = Maximum value, 100 = measured at 100 cd m -2 , 1000 = measured at 1000 cd m -2 ; c. 1000 cd m -2 not reached.
Conclusions
This study shows the viability of using oxadiazole acceptor units to blue-shift the emission while conserving the TADF properties of the emitters in the solid-state. Compared to 2CzPN, the replacement of the nitrile acceptors for oxadiazole units destabilized the LUMO level while keeping the HOMO essentially unchanged, which was observed both experimentally and corroborated by DFT calculations, causing an increase in the emission energy. The TADF nature of the compounds was confirmed by a combination of oxgygendependence measurements on the photoluminescence quantum yield, time-resolved measurements clearly showing prompt and delayed components in the film. The experimentally measured and calculated DEST are in strong agreement. OLED devices using 2CzdOXD4MeOPh produced deep blue light with CIE coordinates of (0.147, 0.108) and maximum external quantum efficiency of 6.6% while a more efficient (EQEmax of 11.2%) skyblue device was fabricated (0.165, 0.254) with 2CzdOXD4CF3Ph. The efficiencies obtained are demonstrative of TADF being operational in the OLED devices. In future, the observed strong roll-off of the devices needs to be addressed using improved device design.
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